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Frank C. Walsh

Received: 21 January 2008 / Accepted: 19 May 2008 / Published online: 4 June 2008

� Springer Science+Business Media B.V. 2008

Abstract The relative degradation rates of metallic

materials in aqueous, copper-based timber preservatives

have been investigated using electrochemical impedance

spectroscopy. The metals examined were AS/NZS

1595:1998, grade CA1 mild steel, AISI 316 stainless steel

(UNS S31600) and AS 1397, grade Z275 hot-dipped gal-

vanised coil-coated sheet. The electrolytes consisted of

commercially sourced copper–chrome–arsenate, copper

azole and alkaline copper quaternary electrolytes diluted to

a concentration of 0.1 mol dm-3 copper. The electro-

chemical impedance response of each system has been

modelled and the resulting relative rates of corrosion have

been shown to broadly correspond to general trends taken

from previous weight loss and direct current studies

incorporating similar electrolytes. The hot-dipped galvan-

ised steel corroded in an active manner at rates that were

two to four orders of magnitude greater than that of the

ferrous-based materials; the latter appeared to passivate in

all instances.
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1 Introduction

The tightening of health regulations describing the use of

long established copper–chrome–arsenate (CCA) timber

preservatives has taken place in most developed regions of

the world [1–3]. Such changes have resulted in the wide-

spread utilisation of relatively unproven copper-based

alternatives such as copper azole- (CuAz) and alkaline

copper quaternary- (ACQ) formulations [4–6]. Typically,

these preservatives contain additives such as copper/teb-

uncanzole or copper/didecylthyl ammonium chloride.

Recent weight loss studies of materials in contact with

timber have shown that these alternatives are considerably

more corrosive towards mild steel and hot-dipped galvan-

ised steel relative to CCA. This literature has been

reviewed in detail elsewhere [7], where it is clear that there

is growing concern related to adequate performance of

CuAz and ACQ preservatives and an increasing commer-

cial interest in the development of more suitable novel

additives.

Both weight loss [8] and direct current derived corrosion

rates [9] of zinc-based materials in aqueous timber pre-

servatives have been shown to be orders of magnitude

higher than that of mild steel and stainless steel (Table 1).

Moreover, mild steel and 316 stainless steel passivate

rapidly and effectively in the CCA, CuAz and ACQ elec-

trolytes. Conversely, it is known that when the same

materials are brought into contact with treated timbers, the

degradation rates of galvanised steel, and particularly mild
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steel are much higher in the CuAz and the ACQ wood than

the equivalent CCA formulation [7, 10].

A simple correlation between metallic degradation rates

measured in timber and 100% aqueous preservatives,

therefore, appears to be difficult to achieve. Due to the

perceived simplicity of practical measurements made in

liquid electrolytes and a lack of effective technology

transfer to the building industry, the analogy between

corrosive media is still commonly utilised in product

development and industry test standards [8, 11]. However,

funding and technical support for investigations in both

timber and liquid media is now being supplied by the

affected regional building authorities, public sources and

the fastener manufacturing industry.

The data produced using the AWPA E17 standard test

[11], as shown in Table 1, were derived after exposure to

comparatively elevated temperatures (300 ± 6 K), con-

tinuous electrolyte agitation and considerably lower

concentrations of copper (0.02 mol dm-3 [CCA and ACQ]

and 0.03 mol dm-3 [CuAz]). Moreover, the electrolytes

used in the direct current measurements contained

0.3 mol dm-3 sodium sulfate (Na2SO4), although the

environmental conditions and the dilution factor, with

respect to copper, were identical to the current work. Pre-

vious voltammetry studies provided neither voltammetric

curves that display true Tafel slopes nor linear behaviour at

low values of polarisation relative to the corrosion potential

(Ecorr) [9]. In the majority of cases, therefore, absolute rates

of corrosion could not be derived with complete confidence

via direct current produced polarisation resistance used in

conjunction with the Stern-Geary [12] relationship. Only a

broad, qualitative analysis relating the state of materials

passivation could be made.

The high solution resistance of the CuAz and ACQ

aqueous preservatives also introduces limitations on accu-

racy when using direct current methods. For the electrolytes

used in this work, for example, the values of electrolyte

conductivity (concentrate as supplied) were CCA: 54.4

mS cm-1, CuAz: 0.6 mS cm-1 and ACQ: 8.6 mS cm-1

[8, 9]. When diluted to 0.1 mol dm-3 copper, which is a

typical value of preservative retention in timber [4], the

equivalent values are 31.5, 4.8 and 6.4 mS cm-1, respec-

tively. The pH values of the preservatives in aqueous

solution also vary significantly. The pH values for these

diluted electrolytes are 1.3, 10.0 and 9.9, respectively.

Due to the complications resulting from a high solution

resistance in high polarisation direct current techniques,

electrochemical impedance spectroscopy (EIS) has been

applied in this work to estimate the performance of mild

steel, hot-dipped galvanised steel and AISI 316 stainless

steel in the common, copper-based aqueous timber pre-

servatives. The aim is to derive relative rates of materials

degradation in liquid preservatives which can be used to

verify the previous weight loss and direct current electro-

chemical investigations presented in Table 1. This is a

novel approach for the corrosion testing of preservatives

that are not in direct contact with timber fibres. An anal-

ogous application of EIS was made by Wojtowicz and

Piwowarczyk [13] who used zinc-based materials in a

slurries of timber fibre treated with phosphate derived

timber additives (non-copper-based fire retardants). Gen-

eral inferences regarding the effectiveness of passivation

Table 1 AWPA E17 [11] derived standard weight loss corrosion rates [8] and active–passive behaviour [9] of ferrous- and zinc-based materials

in diluted CCA, CuAz and ACQ electrolytes

AWPA E17 corrosion

rate/mm y-1
Active–passive

responsea

CCA 0.02–0.03 mol dm-3 Cu 0.1 mol dm-3 Cu, 0.3 mol dm-3 Na2SO4

Mild steel 0.004 ± 0.001 Intermediate activityb

316 Stainless steel (8 ± 6) 9 10-5 Passive

HDG 0.664 ± 0.081 Active

CuAz

Mild steel 0.004 ± 0.001 Passive

316 Stainless steel (28 ± 7) 9 10-5 Passive

HDG 0.009 ± 0.001 Intermediate activityb

ACQ

Mild steel 0.004 ± 0.001 Passive

316 Stainless steel (25 ± 8) 9 10-5 Passive

HDG 0.023 ± 0.003 Intermediate activityb

a The active–passive response was estimated from the results of direct current anodic voltammetry performed immediately after initial

immersion of the electrode material. Details of active–passive criteria are given elsewhere [9]
b The material passivated rapidly after exposure (\2 h) as noted by polarisation resistance transient measurements [9]

1600 J Appl Electrochem (2008) 38:1599–1607

123



were derived using impedance measurements with contri-

bution from direct current measurements. However, the

work is not directly applicable to this investigation as

values of metallic degradation rate were not presented;

neither were results for single-phase liquid electrolytes.

2 Experimental procedure

Triplicate experiments were performed at 294 ± 1 K over

periods of 24 h. CCA-C (containing oxide species) concen-

trate and CuAz concentrate (CA-B) were supplied by

Koppers Arch, New Zealand and ACQ-B concentrate was

supplied by Osmose, New Zealand. The specified range of

concentrate composition of each concentrate, as supplied by

each manufacturer, is presented in Table 2. The concentra-

tions of aqueous copper in each of the timber preservative

concentrates were also determined independently using

X-ray fluorescence. The timber preservative solutions were

diluted with distilled water to give 0.1 mol dm-3 concen-

trations of copper. All electrolytes were examined in a fully

aerated state through the application of gas diffusion with

either air over a period of 10 min immediately before the

initiation of each electrochemical procedure. Low-level

aeration was also applied during exposure in order to main-

tain the required level of aeration or de-oxygenation.

Cold-rolled mild steel (AS/NZS 1595:1998, grade CA1

[14]) and AISI 316 (UNS S31600) stainless steel plate was

cut to give dimensions of 1.5 9 25 9 50 mm. Zinc gal-

vanised mild steel coupons were cut from AS 1397, grade

Z275 [15] hot-dipped galvanised coil-coated sheet. All

metals were mechanically polished and degreased with an

acetone/ethanol mixture and completely air dried. Metals

were place in contact with the electrolytes immediately

after the cleaning sequence.

All measurements were made using a Princeton

Applied Research Parstat 2263 potentiostat/galvanostat,

which was calibrated according to guidelines published in

ASTM G106-89 [16]). Parstat-PowerSuite Version 2.33

software was used in conjunction with ZSimpWin EIS

analysis software (Revision 3.00). All data were produced

in the potentiostatic mode over a maximum frequency

range of 1 mHz to 1 MHz at ± 10 mV of the corrosion

potential using a Princeton Applied Research standard flat

cell (Model K0235) with an electrolyte volume of

approximately 0.5 dm3 and a working electrode area of

1.0 cm2. A saturated calomel electrode (SCE) was used in

conjunction with a Luggin-Haber capillary and current

flowed to and from a high surface area platinum gauze

counter electrode. All measurements were performed after

an initial, short-term corrosion potential stabilisation

period of 2,000 s. The resistances associated with the

electrolyte (Rs) and the relative rate of corrosion (Rp)

were determined and through equivalent circuit modelling

and verified by direct analysis of the spectra, where

possible.

Table 2 Specified range of preservative concentrate composition as supplied by each manufacturer

Component Concentration/% wt./wt.

CCAa CuAzb ACQc

Cupric oxide (given as Cu) 12–16 (8.1 ± 1.2) – –

Cupric carbonate (given as Cu) – 12.3 (11.9 ± 0.8) \10.0 (8.2 ± 1.2)

Chromium trioxide 45–55 – –

Arsenic pentoxide (given as arsenic acid) 25–35 – –

Boric acid – 4.9 –

Tebuncanzole – 0.5 –

Monoethanolamine 4.6 –

Di-2-ethylhexyl phthalate \0.2 –

Surfactants and defoamers – 8.0 –

Didecylthyl ammonium chloride – – \10.0

Free ammonia – – \10.0

Ethanol – – \10.0

Water Balance Balance Balance

Experimentally determined concentrations of copper are given in parenthesis
a CCA-C formulation—contains chromium, copper and arsenic as metallic oxides
b CA-B formulation—active biocide other than copper is tebuncanzole (C16H22CN3O, molar mass 307.8 g mol-1)
c ACQ-B formulation—active biocide other than copper is didecylthyl ammonium chloride (CH3C10H21NCH3C10H21Cl or DDAC, molar mass

362.1 g mol-1)
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3 Results and discussion

Nyquist (Cole-Cole or complex impedance plane) plots and

equivalent Bode plots were derived for each metal/electrolyte

system as a function of exposure time in the electrolyte. In

these figures, Z0 indicates the real impedance and Z00 is the

imaginary component. Frequency is presented as x and the

phase shift as h. Although presentation of all the plots used for

the derivation of the corrosion rate data is beyond the scope of

this publication, a complete library of the raw impedance data

is available for study from an alternative source [17].

Analysis of the Nyquist and Bode plots showed that

within all three of the preservative electrolytes there were

at least two discernable time constants for all three of the

materials studied. In the simplest case, the resistance value

of the time constant at the lower applied frequencies (time

constant A) was attributed to the inverse of the rate of the

following oxidations:

Fe� 2e� ! Fe2þ ð1Þ

Zn� 2e� ! Zn2þ ð2Þ

and was generally very large, when compared to time

constant B measured at higher frequencies. The reduction

of the species in CCA electrolytes under acid conditions

have been proposed to involve the cathodic polarisation of

the following equilibria [8]:

2H2O, O2 þ 4Hþ þ 4e� ð3Þ

H2 , 2Hþ þ 2e� ð4Þ

Cu, Cu2þ þ 2e� ð5Þ

Crþ 4H2O, HCrO2�
4 þ 7Hþ þ 6e� ð6Þ

As2O3 þ 5H2O, 2H3AsO4 þ 4Hþ þ 4e� ð7Þ

The reduction of copper and oxygen would equally apply

to the CuAz and ACQ electrolytes.

Typical examples of Nyquist plots are presented in

Figs. 1–4 for mild steel in the diluted CuAz preservative

solution, stainless steel in the ACQ solution and the gal-

vanised steel in the CuAz and CCA electrolytes,

respectively. From the equivalent Bode plots the intercept

of time constant A at log10 x = 0 in all cases was taken to

equal the sum of Rs and Rp. The value of this empirical

intercept always increased at variable and highly con-

trasting rates between systems as a function of exposure

time. The corresponding absolute values of Z0 at the x-axis

intercept of the Nyquist plots, time constant A also varied

considerably as a function of the material and electrolyte

classification. The value of Rs, however, remained constant

for a given electrolyte.

Indeed, the general order of the resistance and capaci-

tance associated with time constant B was generally

independent of electrode material and time of exposure and

the behaviour was only influenced to any significant extent

by the composition/conductivity of the electrolyte. Time

constant B is considered to contain a contribution towards

the total resistance provided by the electrolyte, i.e., time

constant B is a partial component of Rs. The resistance of

the electrolyte was never measured solely as a simple Rs

value associated with a non-capacitative contribution at the

highest applied frequencies. A combination of both non-

capacitative and capacitative equivalent circuit elements,

therefore, could be used to model the overall response of

the aqueous electrolytes. This indicates more complex

behaviour than that expected for simple systems, where the

electrolyte may be represented by a single resistor in series

Fig. 1 Nyquist plots for mild steel immersed in a diluted solution

(Cu = 0.1 mol dm-3) of CuAz timber preservative as a function of

exposure time

Fig. 2 Nyquist plots for AISI 316 stainless steel immersed in a

diluted solution (Cu = 0.1 mol dm-3) of ACQ timber preservative as

a function of exposure time
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with the circuit elements representing the corrosion process

[18–20].

Unlike the time constant B, the resistance and capaci-

tance values of the time constant A varied as a function of

working electrode material as noted earlier. These obser-

vations describe surface specific behaviour and an

increasingly protective quality of the nature of metallic

passivation with time of exposure. This reproduces

behaviour noted previously with the use of direct current

and open circuit electrochemical measurements [9]. It may

be assumed, therefore, that the difference in the low and

high frequency x-axis intercept Z0 values associated with

the time constant A is directly related to the materials

performance through the polarisation resistance of the

overall corrosion reaction. Again, the assumed Rp values

that can be calculated from this time constant correspond

with the previous direct current electrochemistry and the

weight loss measurements, i.e., relatively low Rp values,

and hence high relative rates of corrosion over time, are

associated with the galvanised electrode (Table 1). For the

zinc-based material, Rp does not change appreciably with

time, thus indicating either (a) a poor capability of pro-

tective films when passive, the character of which does not

improve significantly with time, or (b) a relatively retarded

rate of passivation, the time of which was greater that the

period of exposure.

The general response of the Nyquist plots for the mild

steel and AISI 316 stainless steel closely resembled those

presented in Figs. 1 and 2, regardless of electrolyte type.

As will be seen later, this class of EIS response can be

modelled accurately using the same equivalent circuit.

Values of Z0 associated with time constant A of the stain-

less and mild steels at the low frequency x-axis intercept

were particularly high (in the order of 0.1 MX to 1 MX),

relative to the galvanised steel (in the range 300 X to

10 kX). For the galvanised material, therefore, the total

resistance associated with time constant A was low and the

relative difference in the magnitude of resistance between

this constant and time constant B was of lesser significance.

The example given in Fig. 3 for the HDG in the diluted

CuAz solution is representative of the responses observed

for the hot-dipped galvanised steel in both the CuAz and

ACQ timber preservative solutions. With reference to

Fig. 1, which incorporates the same electrolyte, note also

the identical behaviour of time constant B with that given

in Fig. 3. This behaviour is typical as, throughout this

work, it was noted that the nature of this time constant was

identical for a given electrolyte, regardless of electrode

material used.

The hot-dipped galvanised steel in the CCA electrolyte

(Fig. 4) produced a distinct EIS response compared to all

the other systems. The extent of the time constant B for this

system, in terms of the value of Z0 assumed to be associated

with Rs, is of a lower order than that measured for either the

CuAz or the ACQ electrolytes (refer to Figs. 1–3). This is

due to the factor of seven-times higher conductivity of the

diluted CCA electrolyte relative to the equivalent CuAz

electrolyte. It is indicated that a reduced net ionic migration

under polarisation within the CuAz electrolyte has resulted

in a measurable increase in ohmic drop associated with the

solution resistance. This effect was also replicated in the

ACQ electrolytes which have poor ionic conductivity rel-

ative to the CCA.

Each EIS response was modelled against the library of

equivalent circuits contained within the ZimpWin software

(see, for example, Figs. 5–7). Each equivalent circuit

Fig. 3 Nyquist plots for hot-dipped galvanised steel immersed in a

diluted solution (Cu = 0.1 mol dm-3) of CuAz timber preservative

as a function of exposure time

Fig. 4 Nyquist plots for hot-dipped galvanised steel immersed in a

diluted solution (Cu = 0.1 mol dm-3) of CCA timber preservative as

a function of exposure time
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provided a reasonable correlation with the experimental

data and, when applicable, produced final Rs and Rp values

which were always strictly equivalent to those that could be

estimated directly.

The small, initial non-capacitance influenced resistance

at the highest frequencies was universally termed R1

(Fig. 8a). For every system examined in this work, time

constant B consistently appeared to be most ideally mod-

elled by the notation C1R2(L1R3). See also Fig. 8b, where

R2 and R3 are resistance elements and C1 is a capacitance

element. The additional ‘looping’ observed on all the

Nyquist plots immediately after the low frequency end of

the time constant B can be modelled as an inductive

behaviour by considering element L1 [21].

The most acceptable fit to the time constant A responses

at the lower applied frequencies could be modelled using

one of the three circuit classifications given in Fig. 9.

Equivalent Circuit I (Fig. 9a) was a simple electronic

model that was able to reproduce the behaviour of mild

steel and 316 stainless steel in all of the 0.1 mol dm-3 Cu

aqueous timber treatments. Q relates to constant phase

element and, as Fig. 9 shows, this circuit component has

been included as a non-ideal capacitor equivalent. Values

of Q are considered as an empirical constant and have been

applied to simulate the characteristically compressed

Fig. 5 AISI 316 stainless steel in the diluted CuAz electrolyte. (a)

Nyquist and (b) and (c) Bode responses that are typical of the

behaviour of the mild steel and stainless steel in all electrolytes when

Equivalent Circuit I (R1(C1R2(L1R3))(Q1R4)) is applied. The

notation, ‘exptl’ and ‘equiv. circuit’ indicate empirical and modelled

data, respectively

Fig. 6 The hot-dipped galvanised steel in the CuAz electrolyte. (a)

Nyquist and (b) and (c) Bode responses that are typical of the

behaviour of the galvanised steel in the CuAz and the ACQ

electrolytes when the Equivalent Circuit II (R1(C1R2(L1R2))

(Q1(R4W1)) is applied. The notation, ‘exptl’ and ‘equiv. circuit’

indicate empirical and modelled data, respectively

1604 J Appl Electrochem (2008) 38:1599–1607
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nature of the ‘semi-circular’ time constant A when viewed

via a Nyquist plot. Warburg impedance (W) has been

incorporated within Equivalent Circuit II (Fig. 9b) to

model the low frequency response that was usually

observed for the hot-dipped galvanised steel in the diluted

ACQ and CuAz aqueous timber preservatives (see Fig. 6).

Thus, a diffusion controlled processes has been simulated,

such as species transfer through surface films or mass

transport through the electrolyte. Equivalent Circuit Type

III (Fig. 9c) was used to represent the hot-dipped galvan-

ised steel in the diluted CCA aqueous timber preservative.

Inductance is included in this equivalent circuit as

analogous inductive behaviour was also observed at the

low frequency end of time constant A for this particular

system (Fig. 4).

For each electrolyte, the mean values of the resistance

elements R1, R2 and R3 were calculated from the EIS

responses of each electrochemical system as a function of

time. Note that all of the R1 values, when calculated within

a electrolyte type as a function of working electrode

material, were generally identical. The short term exposure

values of R1 in the CCA electrolyte were less than 10 X for

Fig. 7 The hot-dipped galvanised steel in the CCA electrolyte. (a)

Nyquist and (b) and (c) Bode responses are typical of the behaviour of

the galvanised steel in the CCA electrolyte when Equivalent Circuit

III (R1(C1R2(L1R3))(Q1R4(L2R5)) is applied. The notation, ‘exptl’

and ‘equiv. circuit’ indicate empirical and modelled data, respectively

Fig. 8 Equivalent circuits used to model the EIS response of (a) R1

and (b) time constant B. The notation, ‘exptl’ and ‘equiv. circuit’

indicate empirical and modelled data, respectively

Fig. 9 Electronic circuits used to model the EIS response of time

constant A. (a) Equivalent Circuit I (b) Equivalent Circuit II and (c)

Equivalent Circuit III
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all three materials. Higher values are indicated for the

CuAz and ACQ media (20 to 60 X). Mean R2 and R3

values measured for the diluted CCA solution ranged from

approximately 30 to 80 X and 30 to 83 X, respectively. The

CuAz electrolyte, with the lowest conductivity of

0.0048 S cm-1, consistently gave the highest R2 and R3

resistance values of all the electrolytes with R2: 145 to 205

X and R3: 180 to 420 X. The clear distinction between

electrolytes in terms these R values was independent of

working electrode type and further supports the inference

that R1, R2 and R3 were all associated with electrolyte

resistance and not the rate of corrosion. Rs was calculated

for each system using:

Rs ¼ R1þ 1

ð1=R2þ 1=R3Þ : ð8Þ

Rs was independent of electrode materials and constant

over the times of immersion studied in this work. The

calculated values of Rs were 24 ± 2 X (CCA), 100 ± 2 X
(ACQ) and 149 ± 4 X (CuAz). The magnitude and relative

order of these values closely replicate the directly

measured ionic resistivity of the electrolytes, the latter of

which can be calculated from the ionic conductivities given

in the introductory section.

Assuming that the inverse polarisation resistance for

each of the corrosion reactions was related to the total

resistance associated with time constant A, relative rates of

corrosion were derived as a function of material and

electrolyte type (Fig. 10). The hot-dipped galvanised steel

repeatedly produced the highest overall values of inverse

polarisation resistance, which were of the order 10-4 A V-1

cm-2 for the CuAz and 10-3 A V-1 cm-2 for the ACQ

and the CCA) electrolytes. Such values were two or four

orders of magnitude greater than either the mild steel or the

stainless steel (10-7 to 10-6 A V-1 cm-2). The relative

rates of metallic dissolution of the hot-dipped galvanised

steel strongly indicate active behaviour the zinc under the

conditions of the test. Conversely, the extremely low val-

ues of inverse polarisation resistance determined for the

ferrous materials indicate effective materials passivation as

previous noted using the weight loss and direct current

analyses (see Table 1).

These results also substantiate conclusions derived from

a thermodynamic study which examined the influence of

pH and galvanic interactions of the metallic ions in aque-

ous CCA, CuAz and ACQ preservatives [8]. It was

predicted that solid zinc corrosion products/passivating

layers would not be stable at either low or high solution

pH. In comparison to iron, there are also particularly large

negative Gibbs free energy changes (DG) associated with

the zinc oxidation (reaction [2]). This is facilitated by the

Cu2+, present in all the diluted electrolytes (DGreaction -

225 kJ mol-1), and species such as HCrO�4 ; H3AsO4

present in the CCA formulation (DGreaction -672 and -

502 kJ mol-1 at pH 2 or -640 and -320 kJ mol-1 at pH

10, respectively).

4 Conclusions

4.1 The impedance responses of the ferrous- and zinc-

based materials in the CCA, CuAz and ACQ elec-

trolytes indicate that an analogous capacitance

influence is associated with both the corrosion

mechanism and with the solution resistance of each of

the electrolytes.

4.2 The spectra have been modelled using a simple

equivalent circuit analysis, from which, the resistance

polarisation associated with each of the corrosion

reactions has been extracted.

4.3 The extracted relative rates of corrosion follow

general trends in data taken from previous short-term

weight loss and direct current methodologies taken in

similar electrolytes, where, for short-term exposure

periods, it has been concluded that

Fig. 10 Mean values of EIS derived relative rates of corrosion as

calculated for the mild steel, hot-dipped galvanised steel and 316

stainless steel corrosion rates in the diluted (a) CCA (b) ACQ and (c)

CuAz electrolytes. The time axis is common to all three plots
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(a) hot-dipped galvanised steel will corrode in an

active manner at rates that can be orders of

magnitude greater than that of mild steel and

316 stainless steel and

(b) the ferrous-based materials corrosion rates sug-

gest effective passivation in most instances.

4.4 These results contrast with those taken from solid

timber electrolytes [7]. It is clear that aqueous timber

preservative electrolytes should not be used in a

simple manner to predict the corrosion rate of mild

steel or hot-dipped galvanised materials in preserva-

tive treated wood.
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